Smart stress-memory patch is a promising method for monitoring long-term fatigue damage in structure. The patch can estimate the number of cycles and the stress amplitude using fatigue crack growth properties of thin metal sheets. In this study, fatigue crack growth behavior of thin pure copper sheet was investigated by changing the specimen shape under strain-controlled testing in order to improve measuring range of smart stress-memory patch. To characterize the initiation as well as the stable growth of fatigue cracks, the relationship between stress intensity factor range and crack growth rate was successfully fitted to one equation regardless of strain amplitude, strain ratio and specimen shape. Based on the experimental results, an equation for estimating fatigue cycles from fatigue crack length was derived. In addition, the detectable range of stress amplitude was evaluated and its dependence on sensor shape and stress ratio was shown. Since this patch needs neither power supply nor wiring, it provides a great potential for long-term structural health monitoring with easy maintenance.
Introduction
In recent years, aging and deterioration of infrastructure pose a significant risk in Japan and other developed countries, and the situation becomes critical due to shortage of experienced inspector and rapid increase of aged infrastructures. Under these circumstances, structural health monitoring (SHM) has received great attraction because of its great potential to monitor and maintain the safety of civil infrastructures such as bridges, ships, trains, aircraft, power plants and industrial machines. [1] [2] [3] The technologies related to SHM are classified into three categories: (1) sensing, (2) data acquisition, and (3) information processing. Over the past decade, there have been large amounts of research in the area of wireless networking and computing toward (2) data acquisition and (3) information processing, which facilitate the implementation of SHM in infrastructures. 4, 5) However, the sensing technology in wireless SHM has made relatively small advances, and most of the latest SHM systems still utilize traditional accelerometer and strain gauge. These sensing methods have a number of problems on the practical use such as necessity of wiring, electrical power supply and complicated measuring devices. Especially when evaluating the fatigue damage, they require to monitor the stress continuously with a high-speed communication throughout the in-service life and to analyze the huge volumes of data.
Concept of smart stress-memory patch (hereinafter called "smart patch") was proposed to overcome above problems in the previous papers. [6] [7] [8] [9] [10] [11] Sensor in smart patch consists of a thin metal sheet with a pre-crack, and number of fatigue cycles and stress amplitude on structure can be estimated from fatigue crack growth in the sensor. Since the accumulation of the fatigue damage is memorized in the sensor itself, it requires no power supply, wiring, continuous monitoring or high-speed communication. Furthermore, the patch is successfully applied to batteryless wireless system to measure the crack length in the sensor using radio frequency identification (RFID) technique. It has been demonstrated that stress amplitude and cyclic number of a steel bar can be estimated from the crack length of the sensor using equations based on Paris law. However, the measurement range of stress amplitude is limited from 100 MPa to 200 MPa when the smart patch is attached to steel materials. 8) To apply various stress conditions, the measurement range of stress should be further extended.
In order to modify the sensor characteristics of the smart patch, the fatigue crack growth behavior in the thin metal sheet should be investigated. While most studies about fatigue in thin metal have focused on stress-life (S-N) and strain-life (ε-N) curves for reliability of microelectronic products, [12] [13] [14] the fatigue crack growth behavior under strain-controlled testing has not been enough explored in detail. In our past research, it has been shown that electrodeposited copper (ED-Cu) with fine-grained microstructure (~ 2 μm) offers stable crack propagations and the scattering in the crack growth rate was enough small to estimate cyclic numbers. 6) However, the effect of the sensor shape on the crack growth behavior has not been revealed. © 2014 ISIJ In this study, fatigue crack growth behavior of the sensor (thin pure copper sheet) under uniaxial strain-controlled fatigue testing was evaluated changing the sensor shape and strain ratio. The scattering in crack growth was also examined by a stochastic model to assess the error in estimation of fatigue cycles and stress amplitude. From these observations, the measurement range of stress amplitude in the smart patch was investigated as the function of the sensor shape and strain ratio. Figure 1 provides an illustrative description of the principle of the smart patch. The sensor in the patch consists of a thin metal sheet with a pre-crack. Two or more sensors are attached on structure, for example, close to the welded part ( Fig. 1(a) ). In most cases, the function of fatigue crack growth in the sensor is described by the following equation:
Principle of Smart Stress-memory Patch
where da/dN is crack growth rate, ΔK is stress intensity factor range, R is stress ratio. Then, the number of fatigue cycles (N) and stress amplitude (Δσ) on the structure can be estimated from fatigue crack growth curves of two sensors with different characteristics, as shown in Fig. 1(b) . The details of the derivation of stress amplitude and cyclic number are given in the previous paper.
10)

Experimental Procedure
Materials
The sensors were made of electrodeposited (ED) copper produced by Furukawa Electric Co., Ltd., since electrodeposited materials tend to have a very small grain size and provide stable crack propagations. 6, 15) Microstructural observations revealed that the ED-Cu has a relatively equiaxed grain structure with an average grain size of approximately 2 μm.
Specimen (Sensor in Smart Patch)
Four different geometries were considered as a sensor shape in smart patch, as shown in Fig. 2 . The ED-Cu sheet with a thickness of 0.1 mm was cut to rectangular coupons with a dimension of 40 mm × 5 mm, 40 mm × 10 mm and 60 mm × 10 mm. Side groove was fabricated by chemical etching with a solution mainly composed of ferric chloride (H-1000A, Sunhayato Corp.). The etching time was fixed at 10 minutes, and the thickness between top and bottom of groove (Tc shown in Fig. 2(d) ) was varied within 65 to 75 μm. A single notch with a length of 2.5 mm and a width of 0.3 mm was induced at the center from one side of the coupon. The notch tip was round-shaped with a radius of approximately 150 μm. Additionally, the notch tip was sharpened to curvature radius of about 30 μm by a razor blade (High-stainless 100 μm, Feather Safety Razor Co., Ltd.).
One surface of the coupon was polished to a mirror finish using 3 μm and 1 μm alumina slurry to observe crack length clearly. Afterward, fatigue pre-crack was introduced under the conditions of a maximum cyclic stress of 24 MPa and a stress ratio of 0.1 until the crack length reached 2.7 mm from the edge.
Fatigue Test
Fatigue tests were performed at room temperature using electromagnetic fatigue testing machines (MMT-100N and MMT-500N, Shimadzu). Both sides of the sensor were clamped to the machine grips, and the distance between the upper and lower jigs was adjusted to match the gage length shown in Fig. 2 . Then, the constant-amplitude cyclic loading was applied to all specimens under displacement control with a maximum strain of 0.05 to 0.3%, frequency of 19 Hz, and strain ratio of R = 0.5. The strain was defined as a crosshead displacement divided by gauge length of specimen. In addition, ΔK-decreasing and ΔK-increasing tests for smooth specimen with length of 5 mm × 20 mm (W5-H20) were carried out under strain ratio of R = 0.1 and 0.3 according to ASTM E647 16) in order to investigate the effect of strain ratio on the crack growth. During fatigue testing, the crack length in the sensor was measured optically at intervals of 30 seconds with a traveling microscope (VHX-600, Keyence).
Analytical Procedure
Stress Intensity Factor
It is commonly known that the stress intensity factor of single edge-cracked tension specimen with prescribed end displacements can be expressed by 17) ...... (2) where g(α) is shape factor, W is width of the specimen, L is gauge length of the specimen, a is crack length, E is Young's modulus, u is displacement on the specimen, α is normalized crack length and β is ratio of the gauge length to the width. The shape factor for the present sensor geometry was calculated by finite element method (FEM) to examine the fatigue crack growth characteristics as a function of stress intensity factor range. The calculated results are shown in 6) ......... (7) ......... (8) Shape factors of smooth specimens increased with increasing aspect ratio, β. Calculated results from boundary element method (BEM) in reference 18) are also given in the same figure for comparison, which are in good agreement with the finite element results.
Function Describing Fatigue Crack Growth Curve
Although numerous functions for describing the fatigue crack growth have been proposed, three functions were considered in the current study. The Paris law 19, 20) (Eq. (9)) and the Klesnil-Lukas relation 21) (Eq. (10) (10) where, C, m are material constants and ΔK th is the threshold value of stress intensity factor range. These functions were used for analyzing the effect of specimen shape and strain amplitude on crack growth behavior in the near-threshold regime and Paris region. Then, an equation proposed by Kohout 22) was employed to analyze the result of all data with R = 0.1 to 0.5:
............. (11) where, C, m, β w are material constants and ΔK th0 is the threshold value of stress intensity factor range with R = 0. This Kohout equation was utilized to access the effect of strain ratio on the crack growth and measurement range of the smart patch.
Stochastic Analysis of Fatigue Crack Growth
Among many stochastic models of the scattering in the fatigue crack growth, a simple model reported by Ortiz 23, 24) is used in this study, because it is valid in the case with various R-ratios, 25) and relatively simple to use in any function of fatigue crack growth. (12) where Z is random variable. If log Z is subjected to a normal distribution with zero mean, the variance of log Z represents the quantity of the scattering in the experimental fatigue crack growth rates. ( %-side-grooved specimen 2 2). 
Fatigue Crack Growth under Strain Ratio of R = 0.5
Fatigue crack growth behavior in thin pure copper sheet was evaluated under constant-amplitude fatigue testing to study the effect of the sensor shape. Figure 4 shows fatigue crack growth rate under strain ratio of R = 0.5 as a function of the normalized crack length. The crack growth rates were determined by the incremental polynomial method recommended in ASTM E 647.
16) The crack growth rate of smooth specimen (open symbols in Fig. 4 ) was almost constant with crack extension in the range of α = 0.55 to 0.8, and that of side-grooved specimen (closed symbol) exhibited the same tendency as the smooth one, but fluctuated slightly throughout testing. The crack growth rate increased with the sensor length, and that of side-grooved specimen showed higher value than that of smooth specimen.
The relationship between stress intensity factor range calculated from FEM and experimental crack growth rate is shown in Fig. 5 . The fitting curve was analyzed by the Paris Eq. (9) and the Klesnil-Lukas Eq. (10) . In order to avoid underestimating the value of ΔK th in the Klesnil-Lukas equation, the inverse function to function (13) . This threshold value of stress intensity factor range is related to the minimum value of detectable stress amplitude, as will be discussed later. Thus, it was shown that the crack growth behavior of the sensor is represented by a single curve regardless of strain amplitude and specimen shape. 
Fatigue Crack Growth under Strain
Scattering on Fatigue Crack Growth
The experimental results of constant-amplitude fatigue testing (Fig. 5 ) was used to analyze the scattering in fatigue crack growth. Substituting the Klesnil-Lukas function (10) to the Ortiz's stochastic model (12) , log Z was obtained by each experimental data as follows:
...... (14) where i is index number of experimental data and n is the Figure 7 shows the Log Z obtained from Eq. (14) as a function of stress intensity factor range, where there is no significant difference in scattering between the four specimen shapes. In this figure, the mean value of all data was almost zero and standard deviation (σ SD) was 0.108, which is enough smaller than that of rolled Cu specimen. 6) 6. Discussion
Fatigue Crack Growth Behavior
The fatigue crack growth rate of the sensor changed depending on the shape, as shown in Fig. 4 . This is because the shape factor of the sensor increased with increasing aspect ratio (β) and presence of side-groove (Fig. 3) . Meanwhile, it is notable that all data of fatigue crack growth behavior in four types of specimen can be fitted to a single Eq. (10) regardless of its shape (length, width and groove), as shown in Fig. 5 . This feature is a little different from several specimens reported in prior studies, [26] [27] [28] where sidegroove promotes the retardation in fatigue crack growth in ΔK -da/dN plot. The reason why the crack growth rate of side-grooved sensor in the smart patch is identical with that of the smooth sensors can be explained in terms of specimen thickness. The sensor in the smart patch is quite thinner than standard specimens and the region near the crack front is assumed to be under plane stress condition. For this reason, the effect of plastic constraint around the groove is less than the samples used in the references (for example, CT specimens used in reference 26) ). These results indicate that the crack growth rate of thin specimen that has the other shape parameters such as length, width and groove can be predicted based on shape factor calculated by FEM and material constants. It allows us to easily control the sensitivity of stress measurement in the smart patch by changing the sensor shape.
The side-grooved specimen (closed symbol in Fig. 4 ) exhibited fluctuation of fatigue crack growth rate throughout testing. A possible explanation of this fluctuation is the presence of surface imperfections due to the etching process such as thickness variations and surface roughness. The scattering analysis showed that the effect of this fluctuation is enough small.
The effect of strain ratio on the crack growth was also considered using the additional parameter, βw, in the fatigue crack growth function. Crack growth behavior of smooth specimen (W5-H20) under strain ratio of R = 0.1, 0.3 and 0.5 was well fitted to this equation, as shown in Fig. 6 . Therefore, relationship between strain ratio and measurement range of the smart patch could be expressed by this equation.
Prediction of Fatigue Cycles
Based on fatigue testing results, a method to predict the fatigue cycles in structure using smart patch will be discussed. When the patch is attached to structure, the sensor is subjected to strain-controlled loading under the change in strain of the structure. It is assumed that the far-field stress is a uniaxial tension (σ structure) in elastic region and the sensor is perfectly bonded on the structure. If thickness of the sensor is enough thin and strain distribution in the structure is uniform regardless of the presence of the sensor, strain amplitude of sensor (Δεsensor) and cyclic number of sensor (Nsensor) are described as follows: (16) where Estrucuture is Young's modulus of structure, Nstrucuture is cyclic number of structure, respectively. Using Kohout equation (Eq. (11) ), the fatigue cycles, Nsensor, is represented as the function of the normalized crack length, α, and the strain amplitude, Δεsensor, as:
.. ...................................... (17)   Fig. 6 . Relationship between stress intensity factor range and crack growth rate for smooth specimen (W5-H20) with four shapes under strain ratio of 0.1 to 0.5. To confirm the feasibility of the proposed method, fatigue cycles were estimated using Eq. (17) and compered with experimental data for smooth (W10-H40) and side-grooved (W10-H40) under the assumption that the sensor is subjected to cyclic loading with strain ratio of R = 0.5. The estimated value of fatigue cycles are shown in Figs. 8(a) and 8(b) , where the correlation coefficients for smooth (W10-H40) and side-grooved (W10-H40) are 0.988 and 0.967, respectively. Therefore, it was shown that fatigue cycles can be estimated using smart patch.
Prediction of Stress Amplitude
The detectable range of stress amplitude is considered under the same assumption as above. The minimum value of detectable stress amplitude in structure (Δσ strucuture, min) is given by substituting ΔKth = 2.53 MPa·m 1/2 into Eqs. (2) and (15) (18) where αi is initial normalized crack length. In the same manner, the maximum value of detectable stress amplitude (Δσ strucuture, max) can be obtained by plugging the value of the critical stress intensity factor range (ΔKfc) in Eq. (2). The ΔKfc was arbitrarily defined as the value of ΔK at which the value of da/dN corresponds to 10 -6 m/cycle, because it becomes difficult to measure the crack growth rate in current system. Figure 9(a) shows measurable stress range of smart patch as a function of free length when the width of sensor is fixed to 10 mm, under the assumption that the steel structure (Estrucuture = 200 GPa) is subjected to cyclic loading with strain ratio of R = 0.5. It was found that the detectable stress range is easily influenced by sensor length. By contrast, when the length is fixed to 10 mm, the width of the sensor has an insignificant effect on the detectable stress as shown in Fig. 9(b) . In the region of these figures, the minimum detectable stress was estimated to be 11 MPa when L = 80 mm and W = 10 mm, and the maximum detectable stress was estimated to be 632 MPa when L = 5 mm and W = 10 mm. This extension of the measurement range in the smart patch allows us to evaluate fatigue damage over a wide range of infrastructures. In fatigue assessment for steel highway bridge in Japan, 29) fatigue limits of steel components and welded joints are assumed between 30-270 MPa, and the corresponding fatigue strength at 10 5 cycles are categorized between approximately 100-600 MPa. These stress conditions can be monitored by newly developed smart patch.
In actual situation of structural components, stress amplitude is not constant, and the stress ratio changes as time progresses. It should be noticed that the threshold stress intensity factor range of the sensor is affected by the strain ratio (Fig. 4) . Therefore, it is necessary to evaluate the effect of stress ratio on the prediction of stress amplitude in the smart patch. The modified Walker's model was found to describe the R-ratio effect well for a number of materials in ambient air, The symbol is the Macaulay bracket, which is equal to x if x > 0 and 0 if x < 0. For the current sensor, two constants Kth0 and βw in the above equation were identical to that of Eq. (11), which are determined experimentally for three Rratios (Fig. 6) . The detectable range of stress amplitude for various stress ratios is calculated by following equations: Figure 10 shows the description of the R-ratio effects on the detectable stress amplitude for smooth specimen (W5-H20). It indicates that the measurement range of the smart patch can be affected by stress ratio.
Conclusions
In the present study, fatigue crack growth behavior in thin pure copper sheet with pre-crack was evaluated under strain-controlled fatigue testing in order to obtain the sensor characteristics of smart stress-memory patch and the following conclusions were obtained.
(1) The fatigue crack growth rate of the sensor increased with increasing sensor length and presence of side-groove under the same test condition, because the shape factor of stress intensity factor increased with increasing aspect ratio (β ) and presence of side-groove.
(2) To characterize the initiation as well as the stable growth of fatigue cracks, relationship between stress intensity factor range and crack growth rate of the ED-Cu sensor was successfully fitted to one equation regardless of strain amplitude, strain ratio and specimen shape.
(3) The influence of side-groove on fatigue crack retardation was not observed in the sensor. It indicates that the crack growth rate of thin specimen that has the other shape parameters such as length, width and groove could be predicted based on shape factor calculated by FEM and material constants.
(4) Using Kohout equation, the fatigue cycles was represented as the function of the normalized crack length in the sensor and the strain amplitude. It was shown that cyclic number of structure can be estimated from the crack length of ED-Cu specimen under the simple assumption that the sensor is perfectly bonded on the structure.
(5) The detectable range of stress amplitude was improved by changing the sensor shape. The longer sensor detects the smaller stress amplitude, and the shorter sensor provides a wider range of stress measurement. The width of the sensor has an insignificant effect on the detectable stress.
(6) The measurement range of the smart patch can be affected by stress ratio. The dependence of stress ratio on detectable stress was expressed by modified Walker's model. 
